The recent discovery of a mobile genetic element encoding a pilus-like structure in Streptococcus pneumoniae and the demonstration of a role for the pilus in virulence in mice have led to the proposal of the use of the pilus as a candidate pneumococcal vaccine. We examined the frequency of occurrence of the pneumococcal pilus, as determined by the presence of the rrgC gene, and analyzed its association with virulence, capsular serotypes, and multilocus sequence types in the American Indian pneumococcal collection and isolates of S. pneumoniae from blood cultures collected at Children's Hospital Boston. Overall, 21.4% of strains in the American Indian collection had the rrgC gene, but there was no difference between isolates obtained from the nasopharynx and those obtained from sterile sites (blood or cerebrospinal fluid). Vaccine-type strains were significantly more likely than non-vaccine-type strains to have this pilus gene (P < 0.001). Among isolates with identical multilocus sequence types, there was a high concordance (95%) between the multilocus sequence type and the presence or the absence of rrgC. Finally, in the era of the pneumococcal conjugate vaccine, the frequency of rrgC in isolates from Children's Hospital Boston has decreased significantly (42.8% before 2000 versus 21.3% after 2000; P ‫؍‬ 0.019). Therefore, our data show that the pilus is present in a minority of strains and is associated with certain serotypes and that its frequency has been reduced by the conjugate pneumococcal vaccine.
Pilus-like surface structures in gram-positive bacteria were first identified in Corynebacterium diphtheriae by electron microscopy and have also been characterized genetically and biochemically (10, (25) (26) (27) . Most recently, pilus-like structures have been identified in common human pathogens such as group A and B streptococci as well as Streptococcus pneumoniae (1, 7, (15) (16) (17) 19) . Gram-positive pili (recently reviewed in reference 23) are extended polymers formed by a transpeptidase reaction involving sortase-mediated covalent cross-linking of LPXTG motifs in subunit proteins.
Mouse models of pneumococcal pneumonia and bacteremia have suggested a role for the pilus in virulence (1, 12) . Competition experiments with models of pneumonia and bacteremia showed that a piliated strain could outcompete an otherwise isogenic pilus-deficient mutant. Immunization of mice with pilus antigens was recently shown to induce protection against lethal challenge by piliated strains, raising the possibility that the inclusion of pilus proteins in a multivalent pneumococcal vaccine may be advantageous (11) .
The prevalence of the pilus in the pneumococcal population, however, is not known. Genes of the pneumococcal rlrA islet, which encodes the pilus, are present in one of the sequenced genomes (that of strain TIGR4) but not the other (that of strain R6) (1) . A previous study evaluated the distribution of sortase genes in 82 strains; srtD, a component of the pneumococcal pilus islet, was present in 17% of strains (22) .
A better understanding of the distribution of the pilus in the general population of pneumococci would help with the evaluation of its potential as a candidate vaccine. In the present study, we determined the prevalence of the rrgC gene from two different collections of pneumococcal clinical isolates: nasopharyngeal (NP), blood, and cerebrospinal fluid pneumococcal strains isolated from individuals of the Navajo and White Mountain Apache communities in the southwestern United States between April 1997 and October 2000 and pneumococci isolated from blood cultures at the Infectious Diseases Diagnostic Division at Children's Hospital Boston from 1995 to 2006. In addition, among the isolates in the American Indian collection, we evaluated the frequency of the rrgC gene by serotype, multilocus sequence type, and site of isolation (NP or blood culture) to evaluate whether the pilus is associated with increased virulence in humans.
MATERIALS AND METHODS

Pneumococcal strain collections.
Two different collections were analyzed in this study. The first collection (the American Indian pneumococcal collection) consisted of a selection of strains from the American Indian trial of the sevenvalent pneumococcal vaccine (PCV7), conducted with individuals in the Navajo and White Mountain Apache communities in the southwestern United States between April 1997 and October 2000. The details of this trial have been described previously (20, 21) . Briefly, this was a group-randomized, controlled, efficacy trial of a seven-valent pneumococcal conjugate vaccine (PnCRM7; Wyeth Vaccines), with a study of NP colonization nested within the trial. NP swabs were obtained from the study participants at approximately 7, 12 to 15, and 18 to 24 months of age (between February 1998 and May 2000). Pneumococcal identification was confirmed by optochin susceptibility and bile solubility assays. Pneumococci were serotyped by a novel immunoblot method to detect multiple serotypes in NP specimens (3) . Included in this study were 361 NP isolates.
Invasive disease isolates (n ϭ 123) from individuals of all ages in the Navajo and White Mountain Apache communities were collected throughout the study period. These pneumococcal isolates were collected and serotyped at the Arctic Investigations Program of the CDC, Anchorage, AK.
Isolates from Children's Hospital Boston. Invasive pneumococcal isolates that were cultured from blood samples at Children's Hospital between 1998 and 2006 (n ϭ 159) and that were still viable were included. Pneumococci were stored in tubes containing glass beads prior to 2002; after that date, the freezing procedure included 20% glycerol. The strains were streaked onto tryptic soy agar with 5% sheep's blood and incubated overnight at 37°C in 5% CO 2 . Initial pneumococcal identification was made from blood cultures by colony morphology, ␣-hemolysis, and optochin susceptibility or bile solubility or by detection of the pneumococcal capsule by the Pneumoslide assay (Becton Dickinson and Company).
Colony PCR for the presence of pilus islet or pneumolysin genes. The S. pneumoniae isolates were streaked overnight on blood agar plates. The bacteria were washed in phosphate-buffered saline, boiled for 10 min at 94°C in ThermoPol buffer (1ϫ; New England Biolabs, Beverly MA), and then centrifuged and cooled on ice. In every PCR, 1 l of the supernatant of the boiled bacteria was used. PCRs were performed with 0.5 l of Taq . In addition, we also designed primers TTM301 and TTM302 (5Ј-ACTTGTTGATGTTGGTAGCCTGTT-3Ј and 5Ј-TTCCGACGG TAAAATAATCTCTGT-3Ј, respectively) for detection of the sortase D gene (srtD), which is part of the pilus islet. As a positive control, PCR with primers Plyup and Plydw, described by Whatmore et al. (28) , for detection of the ply gene was also performed with each strain.
MLST. All isolates from the American Indian data set were subjected to multilocus sequence typing (MLST; http://spneumoniae.mlst.net/) by using two forward sequences and two reverse sequences for every gene (16a). The term sequence type is used to indicate a distinct MLST type pattern. Sequence type complexes were assigned by using the eBURST algorithm (9) with the software available from the MLST home page. The MLST type pattern information for all strains typed in this study is in the MLST database at http://spneumoniae.mlst .net.
Statistical analysis. Differences in the frequencies of the presence of the pilus genes between groups were analyzed by Fisher's exact test. Analyses were performed by using SPSS for Macintosh 11.0 software. For all comparisons, a P value of Ͻ0.05 was considered to represent statistical significance.
RESULTS
Development of PCR screening for presence of pilus genes.
Data on the genetic similarity of the pneumococcal pilus genes are limited. In pilot studies, we evaluated the performance of PCRs for the detection of the rrgA, rrgB, rrgC, and srtD genes in over 80 clinical isolates, using strains TIGR4 and Rx1 as positive and negative controls, respectively. The PCR for the rrgC gene gave the most sensitive results; in no case did we find a strain for which the PCR for rrgA, rrgB, or srtD was positive and the rrgC PCR was negative (data not shown). These results are consistent with those obtained in a recent study in which the amino acid sequence identities of the three pilus proteins RrgA, RrgB, and RrgC between two clinical isolates (isolate TIGR4 and a 6B clinical isolate) were compared; that study showed that RrgC had the highest degree of similarity between the two strains (amino acid sequence identities of RrgA, RrgB, and RrgC between the two strains, 83%, 47%, and 99%, respectively) (11) . Therefore, we defined a strain as having the pilus if the PCR for rrgC was positive; PCRs for rrgC and ply were thus performed with all strains. A strain was considered pilus negative if the rrgC PCR of the colony showed a negative result and the ply PCR of the same colony was positive.
Frequency of the rrgC gene in the American Indian pneumococcal collection. Overall, 104 (21.5%) of 484 strains tested positive for the pilus rrgC gene. The frequency of this gene was similar between the NP isolates (74 of 361; 20.5%) and the invasive isolates, which included 2 isolates from cerebrospinal fluid (30 of 123; 24.4%). This difference was not statistically significant (relative risk of having the rrgC gene for invasive versus that for NP strains, 1.05; 95% confidence interval, 0.94 to 1.18; P ϭ 0.375, Fisher's exact test). Hence, the presence of rrgC per se does not appear to be associated with increased virulence, since rrgC is present at similar frequencies in NP and bacteremic isolates.
Next we evaluated the frequency of rrgC by capsular serotype (including all the vaccine serotypes and, for cross-reactive or nonvaccine serotypes, only those serotypes for which the collection contained Ն10 strains). As shown in Fig. 1 , the prevalence of rrgC differed by serotype. In particular, strains of several vaccine serotypes (serotypes 4, 6B, and 9V) were far more likely to have the rrgC gene than strains of the nonvaccine type (frequencies of rrgC-positive strains in vaccinetype strains and non-vaccine-type strains in the entire data set, 41.7% and 15.7%, respectively; P Ͻ 0.001). Strains of potentially cross-reactive vaccine serotypes in the data set (serotypes 6A, 9A, 9L, 18A, 19A, 23A, and 23B) were also significantly less likely to carry this gene than vaccine-type strains (8 of 123 strains; 6.5% of strains were rrgC positive; P Ͻ 0.001 compared to the results for the vaccine-type strains by Fisher's exact test).
Among the 430 isolates belonging to an MLST type for which there was more than one isolate in our collection (and, thus, for which we could evaluate concordance with respect to the presence of rrgC), the genotypes of only 5.4% of the strains were discordant from the predominant genotype (rrgC positive or negative). Figure 2 shows the frequency of the rrgC gene in each sequence type in the American Indian collection. Of the 26 defined pneumococcal molecular epidemiology network epidemic sequence types (18), 9 were represented in the American Indian collection; of these, the frequency of the rrgC gene was 100% in 6 types (Spain 9V Frequency of rrgC in strains from the Children's Hospital collection: reduction in the era of immunization with the pneumococcal conjugate vaccine. The strong association between the presence of the rrgC gene and certain PCV7 serotypes raised the possibility that, following the advent of universal immunization with pneumococcal conjugate vaccination in U.S. children, there may have been a significant reduction in the overall frequency of the rrgC gene. To examine this, we compared the frequencies of rrgC-positive strains from a collection of isolates from blood cultures collected at times spanning the years before and after the introduction of the conjugate vaccine. A total of 159 blood culture isolates were analyzed for the presence of the rrgC gene by PCR. Overall, 53 (33%) strains were positive for the rrgC gene. The frequency of the pilus rrgC gene did indeed decline from a frequency of 43% 
DISCUSSION
The advent of the heptavalent conjugate vaccine has dramatically changed the epidemiology of pneumococcal disease in the United States. Vaccine-associated reductions in pneumococcal disease can be seen not only in immunized children but also in adults. It has been estimated that the conjugate vaccine in the United States has prevented more than twice as many cases of invasive pneumococcal disease through its indirect effects on pneumococcal transmission (i.e., herd immunity) as it has through its direct effect of protecting vaccinated children (4) . While this vaccine is highly effective against the vaccine serotypes, this vaccine strategy may eventually be limited by the phenomenon of serotype replacement (6, 8, 13, 14) , limited serotype coverage, high cost, and difficulties in production. Thus, alternative vaccines that can offer protection against pneumococcal colonization and/or disease are being sought. Several pneumococcal proteins have been proposed as potential vaccine candidates, based primarily on their demonstrated role in virulence in animal models (2) . Most recently, the three proteins that constitute the structure of the pilus have been shown to protect mice against invasive disease and have thus been proposed as potential vaccine candidates (11) .
Our data suggest several limitations for the usefulness of a pilus-based vaccine. Our study documents the frequency of strains with the rrgC gene in two large collections of pneumococci. In the American Indian collection, the rrgC gene was not prominently represented in the pneumococcal population (it was present in only 21.4% of strains). Nevertheless, if the pilus was associated with increased virulence for invasive disease in humans, a vaccine based on pilus proteins may be advantageous, as it would theoretically have an impact on the most invasive strains. However our data do not support this view. There was no difference in the frequency of rrgC-positive strains in NP and bacteremic isolates in the American Indian pneumococcal collection. Our data suggest that the pilus does not in fact represent an important virulence factor for invasive disease in humans, despite the data obtained from mouse studies (1, 12) . Finally, regardless of these considerations, the conjugate pneumococcal vaccine has had a surprisingly selective impact on pneumococci carrying the rrgC gene, further reducing the potential of a strategy based on immunization with pilus proteins for countries that have implemented universal vaccination with the conjugate.
Our study raises interesting questions regarding the pilus and its role in pathogenesis. First, the pilus appears to be more prevalent in some serotypes than in others. From our data, it does not appear that the pilus is associated with increased virulence, which could have otherwise explained its overrepresentation in some vaccine-type strains. Conversely, one could imagine that strains that are overrepresented in the NP would be more likely to acquire the pilus from other strains. Again, this does not appear to be the case: serotype 6A was the most commonly isolated serotype among the NP isolates (n ϭ 50), with only 8% being pilus positive; in contrast, serotype 4 was rare among the NP isolates (n ϭ 4), but all had the pilus rrgC gene. Why the pilus would be more common in certain capsular serotypes (and, in particular, in vaccine-type strains) is not clear at this time.
The similar frequency of rrgC-positive strains among NP and bacteremic isolates implies that the pilus does not play an important role in virulence. This result could be due, in part, to the increased susceptibility of Native Americans to invasive pneumococcal disease (5), making it less likely that an effect of the pilus on virulence could be appreciated. However, the frequency of the rrgC gene in vaccine-type strains in the American Indian pneumococcal collection (41.7%) is remarkably similar to the frequency of that gene in the Children's Hospital Boston collection in the pre-PCV7 (Prevnar) era (42.8%), during which time Ͼ80% of invasive strains were of the vaccine type. These data, obtained from pneumococci isolated from very different populations, thus provide further support for our findings.
Our study has some limitations. First, the criterion that we (16) . Nevertheless, as indicated above, we did not find rrgC-negative strains that carry other genes of the pilus islet. Second, because the heterogeneity of this gene is unknown, it is possible that the PCR primers that we used did not amplify the rrgC gene in some strains, which would underestimate the prevalence of the pilus in our two collections. As is the case with another pneumococcal protein, pneumococcal surface protein A, there may be sufficient heterogeneity in the rrgC gene such that a PCR amplification strategy may be insensitive (24) . Barring the availability of genomic sequences from a large number of strains, this possibility cannot be formally excluded. However, the fact that we never identified strains, in a subset of isolates tested, that were positive for any of the three other pneumococcal pilus genes tested (rrgA, rrgB, and srtD) would suggest that the primers used to amplify rrgC were sufficiently permissive. Conversely, it is also conceivable that our criterion may be too broad; perhaps some strains that carry the rrgC gene do not have the other genes essential for pilus expression. A thorough evaluation of this possibility would require either assays for each gene needed for pilus expression in all these strains, which is impractical, or the availability of highly sensitive and specific antibodies that can detect the intact pilus, but such antibodies are not currently available. Although we cannot completely exclude this possibility, it seems unlikely. First, we found a high concordance between the presence of rrgC and srtD, a gene essential for pilus expression. Furthermore, the genetic structure of the rlrA islet suggests that it constitutes a mobile element which comprises all the genes needed for pilus expression (12) , making it likely that a strain having the rrgC gene would also have the other pilus genes.
Our study provides data regarding the frequency of the rrgC gene in two collections of pneumococcal isolates and information regarding the possible role of the pilus in invasive disease in humans. Studies with mice have suggested that the pilus plays an important role in virulence (1, 12) ; however, the pneumococcal pilus does not appear to be associated with increased virulence in humans. Furthermore, because of the association of the rrgC gene with certain vaccine serotypes and the success of the conjugate vaccine in reducing the frequency of disease caused by these strains, it appears that the frequency of the pilus in the pneumococcal population has been significantly reduced where PCV7 has been used. Therefore, our data do not support the inclusion of pilus antigens in a candidate protein-based vaccine against pneumococcus.
